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Abstract
The major limitation of current typing methods for Streptococcus pyogenes, such as emm sequence typing and T typing, is that these are
based on regions subject to considerable selective pressure. Multilocus sequence typing (MLST) is a better indicator of the genetic back-
bone of a strain but is not widely used due to high costs. The objective of this study was to develop a robust and cost-effective alterna-
tive to S. pyogenes MLST. A 10-member single nucleotide polymorphism (SNP) set that provides a Simpson’s Index of Diversity (D) of
0.99 with respect to the S. pyogenes MLST database was derived. A typing format involving high-resolution melting (HRM) analysis of
small fragments nucleated by each of the resolution-optimized SNPs was developed. The fragments were 59–119 bp in size and, based
on differences in G+C content, were predicted to generate three to six resolvable HRM curves. The combination of curves across each
of the 10 fragments can be used to generate a melt type (MelT) for each sequence type (ST). The 525 STs currently in the S. pyogenes
MLST database are predicted to resolve into 298 distinct MelTs and the method is calculated to provide a D of 0.996 against the MLST
database. The MelTs are concordant with the S. pyogenes population structure. To validate the method we examined clinical isolates of
S. pyogenes of 70 STs. Curves were generated as predicted by G+C content discriminating the 70 STs into 65 distinct MelTs.
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Introduction
M serotyping and, later, emm sequence typing [1] have been the
mainstays of group A streptococcal typing despite the well-rec-
ognized limitations of basing a typing system on a highly recom-
binant region subject to a high degree of selective pressure.
Conversely, multilocus sequence typing (MLST) is based on sta-
ble housekeeping genes and is a very effective method for
understanding the large-scale population structures of bacterial
species. MLST methods have been developed for the majority
of the major bacterial pathogens (http://www.mlst.net/, http://
pubmlst.org/), including Streptococcus pyogenes [2]. The disadvan-
tages of using MLST as a routine typing method are that MLST
is comparatively slow and expensive because of the requirement
to generate seven DNA sequences for each isolate.
There have been several reports of bacterial typing meth-
ods based upon single nucleotide polymorphisms (SNPs)
derived from MLST databases [3–8]. These methods are fas-
ter and cheaper than complete MLST determination but
provide somewhat less resolution. Typically, the SNPs were
derived on the basis of a maximized Simpson’s Index of
Diversity (D) using the computer program Minimum SNPs
[6,9]. The technology platform for these methods is
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real-time PCR, which has the advantage of being a single-step
and closed tube reaction. Real-time PCR is also versatile, in
that not only SNPs, but also binary gene variation and vari-
able number tandem repeat (VNTR) loci, can potentially be
used in combined assays [3,4,10]. In the majority of the
MLST-derived SNP typing assays described to date, the SNP
interrogation is by differential primer extension [3–6,11],
otherwise known as kinetic PCR [12].
High-resolution melting (HRM) analysis is a rapidly emerg-
ing approach to analysing ampliﬁed DNA fragments [13,14].
HRM has most commonly been used for SNP interrogation,
but it has also been applied to VNTR-based bacterial geno-
typing [10,15].
The objective of this study was to develop a typing
method for S. pyogenes based upon MLST-derived SNPs. Ini-
tially, a kinetic PCR method was developed; however, the
robustness of the method was found to be insufﬁcient.
Accordingly, a novel typing format was developed based
upon HRM-mediated interrogation of MLST gene fragments
that contain several SNPs. Each fragment contains one of the
D-maximized SNP set, so we term this an SNP nucleated
fragment. We designed software to assign an HRM curve
proﬁle to each sequence type (ST) on the MLST database,
and this enables the facile generation of a key for converting
HRM data into MLST data and vice versa.
Materials and Methods
S. pyogenes isolates
The Menzies School of Health Research has over 8500 S.
pyogenes isolates from hospital and community-based
surveillance studies. In total, 274 S. pyogenes isolates from
this collection have been subjected to both MLST and
emmST. From these, there are 70 multilocus sequence types
and 66 emmSTs. A representative set of 72 isolates was
selected, each representing a unique MLST-emmST combina-
tion (Table 1). It was determined that these strains, despite
being collected from a relatively restricted geographical loca-
tion, were sufﬁcient to validate this method as the alleles
present in the respective STs are common to a large number
of STs. We calculated that all possible combinations of the
alleles present in these 70 STs accounted for 186 of the 525
known STs (35.4%). Furthermore, all possible combinations
of the speciﬁc amplicons under investigation accounted for
376 STs (71.6%). The majority of the remaining STs are rare.
DNA extraction
DNA extractions were carried out using the QiaAmp DNA
extraction kit (Qiagen, Doncaster, Australia) according to
the manufacturer’s instructions, The starting material was
1 mL overnight growth in Tryptone Soy Broth (Oxoid, The-
barton, Australia), cell disruption was with lysozyme and elu-
tion was in 200 lL sdH2O. For a small number of isolates a
gel block process previously described by Gardiner et al.
[16] was used.
Multilocus sequence typing
MLST was carried out as described by Enright et al. [2].
eBURST analysis
eBURST v3 was accessed at http://spyogenes.mlst.net/ [17,18].
Selection of SNPs
SNPs were derived from the concatenated S. pyogenes MLST
database, which was downloaded from http://spyoge-
nes.mlst.net. The computer program ‘Minimum SNPs’ [6,9]
was used to identify an SNP set optimized for D with
respect to the entire concatenated MLST database. This
program is available for free download, (http://www.ihbi.
qut.edu.au/research/cells_tissue/phil_giffard/index.jsp).
Primer design
All primers were designed using Primer Express 2.0.0
(Applied Biosystems, Mulgrave, Victoria, Australia) and were
obtained through Proligo (Lismore, NSW, Australia). The
primers used in the high-resolution melting real-time PCR
assays are listed in Table 3.
HRM-based typing
This was performed on a Rotorgene 6000 device (Corb-
ett, Mortlake, New South Wales, Australia). These can no
longer be purchased, but the Qiagen Rotor-Gene Q
devices are essentially identical. Reaction volumes of 10 lL
were used, consisting of: 5 lL 2· Platinum SYBR Green
qPCR SuperMix-UDG (Invitrogen Life Technologies, Mt
Waverley, Australia), 1 lM of each primer, 1 lL of DNA
(1/10 dilution in sdH2O) and 2 lL sdH2O. The tempera-
ture cycling parameters were: 95C for 2 min; 40 cycles
of 95C for 15 s, 55C for 30 s, 72C for 30 s; followed
by 72C for 2 min and 50C for 20 s. Ampliﬁcation was
followed by an HRM (68–92C), increasing by 0.1C at
each step. Data acquisition for both assays was set at the
55C annealing step of each proﬁle. The results for all
real-time PCR experiments were analysed using the Rotor-
gene 6000 software v 1.7 (Corbett).
HRMType software
The Tm of each ampliﬁed fragment is dependent on its G+C
content [19]. We designed a software program called
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TABLE 1. Genotyping results. All the HRM data were as predicted from the known STs. The HRM alleles are numbered
in accordance with the absolute number of G+C positions in the ampliﬁed fragments. The HRM proﬁles are numbered in
accordance with the key provided as supporting information
Sample ID emmST ST
HRM
curve:
168
HRM
curve:
351
HRM
curve:
408
HRM
curve:
615
HRM
curve:
1144
HRM
curve:
1243
HRM
curve:
1421
HRM
curve:
1710
HRM
curve:
2088
HRM
curve:
2937
HRM
proﬁle
number
MSHR2361 70.0 10 18 26 16 15 19 22 8 6 36 28 7
MSHR446a 80.3 10 18 26 16 15 19 22 8 6 36 28 7
MSHR2396 53.0 11 18 26 16 16 20 21 8 6 36 28 44
MSHR27 91.0 12 18 26 16 16 20 21 8 6 36 28 44
MSHR22 57.2 33 19 27 18 16 19 20 10 6 37 28 217
MSHR488a 12.0 36 19 25 16 15 19 22 10 5 37 28 90
AA205a stD633.0 48 19 27 19 16 19 22 10 5 37 28 252
MSHR672a 28.0 52 19 25 17 16 20 21 8 6 37 27 118
MSHR694a 77.0 63 18 26 16 16 19 22 10 6 38 27 43
MSHR234a 42.0 80 18 27 18 16 20 22 10 6 37 28 84
MSHR426 1–4.0 92 19 27 19 15 19 22 8 5 36 27 239
MSHR81 55.0 100 19 26 19 15 19 22 10 6 37 28 158
AA464a st3765 108 19 27 19 16 20 21 8 7 37 28 255
MSHR362a 85.0 109 19 27 18 15 20 22 9 6 38 28 209
MSHR427 stNS554.0 110 19 27 17 15 20 22 8 6 38 28 164
AA253a 65.0 111 20 27 19 15 20 21 10 6 37 28 275
AC81-Ta st11014.0 112 18 27 18 15 20 20 8 6 37 27 77
AA249a stCK249.0 113 19 25 17 16 20 20 10 6 35 28 114
MSHR292a stNS292.0 114 19 27 18 15 19 22 8 6 36 28 184
AA472a 56.0 115 19 27 18 15 19 22 10 5 37 27 108
AA310a 81.0 117 19 27 19 15 19 22 10 6 37 28 243
AA237a 14.4 118 18 26 15 15 20 22 10 6 36 27 2
AA490a 100.0 119 18 26 16 16 20 22 10 6 36 27 53
AA199a 74.0 120 18 26 17 15 19 22 10 6 37 27 60
90/29 99.0 141 19 27 19 15 19 22 10 5 37 27 242
AA186a 89.0 142 18 27 18 15 20 22 10 6 36 27 78
MSHR222a 75.0 150 19 25 17 15 20 21 10 6 – 28 107
MSHR16 77.0 166 19 27 18 15 19 22 10 6 36 28 191
AA535a 22.0 175 19 27 18 15 19 21 10 6 36 28 179
MSHR365 58.0 176 20 27 19 15 19 21 10 6 37 28 268
AA162a 4.0 177 19 27 18 15 19 22 8 6 36 28 184
MSHR785a 44.0 178 19 27 18 15 19 21 10 5 37 28 176
MSHR895a 110.0 179 20 26 16 15 20 22 10 5 36 27 261
MSHR1124 52.1 180 18 26 16 15 20 22 8 6 36 27 24
AA409a 78.0 181 18 26 16 16 19 22 8 6 36 27 37
MSHR1156 98.1 182 18 26 16 15 20 22 8 6 36 27 24
MSHR995 101.0 182 18 26 16 15 20 22 8 6 36 27 24
MSHR541 90.4b 184 19 26 16 14 19 22 8 6 36 28 124
MSHR1051 114.2 189 19 27 18 15 20 23 10 6 36 28 216
MSHR352 49.3 190 19 27 18 16 19 22 10 6 36 27 225
AA270a 25.0 191 19 27 19 15 20 21 10 5 37 27 246
AA332a 25.1 192 19 27 18 16 19 22 8 6 – 28 221
88/31 97.0 197 19 25 17 16 20 22 8 6 35 28 121
AC51-Ta 124.0 199 19 27 18 16 20 22 10 5 38 28 235
AA508a 22.0 202 19 27 18 16 19 21 10 6 36 28 218
MSHR237a 97.0 203 19 25 17 16 20 22 10 6 35 28 122
#756 9.0 204 19 27 18 15 20 20 8 6 37 27 195
MSHR76 98.1 205 18 27 18 15 20 22 10 6 36 28 79
#275 stNS90.1 206 19 25 17 16 20 21 10 6 36 28 119
AA364a 97.1 216 18 26 16 15 19 22 10 6 37 27 10
MSHR5486 67.0 267 18 26 16 15 19 22 10 6 36 28 9
MSHR1130 13L.0 286 18 26 16 15 20 21 10 5 37 28 19
MSHR670 102.0 287 18 26 16 16 20 22 10 5 36 28 52
MSHR83 stNS554.1 288 19 27 18 15 20 21 8 6 38 27 199
90/27 4.5 289 19 27 18 16 19 21 10 6 36 28 218
MSHR800a 81.2 290 23b 26b – 15 20 22 8 6 – 27 291
MSHR822 76.6 291 19 27 18 15 19 21 10 6 37 28 180
AB244Ta 41.2 296 20 26 16 16 20 20 10 6 35 28 264
AC57-Ta 63.3 297 19 27 18 14 20 20 8 6 36 27 168
MSHR99 68.2 298 18 26 16 15 20 20 10 6 37 27 15
MSHR10 53.0 299 18 26 16 16 20 21 10 6 36 28 45
PL-1a 54.1 302 19 27 18 16 20 21 8 6 36 28 230
MSHR30a 108.0 304 18 26 16 16 19 21 8 6 36 28 34
MSHR182a 109.1 305 19 27 19 15 19 22 8 6 36 28 240
MSHR151 92.0 312 19 27 18 16 20 20 10 6 36 28 227
MSHR93 st6030.1 332 18 26 17 15 19 22 10 6 37 27 60
MSHR2400 3.22 335 19 27 19 16 20 22 10 6 36 27 257
MSHR91 106.0 338 19 27 18 15 20 21 8 6 37 27 197
#225 19.7 370 19 27 18 15 20 21 10 5 36 27 200
MSHR5749 1–2.3 372 19 27 18 15 19 22 8 5 37 27 181
MSHR508 11.0 547 20 27 19 15 20 22 10 5 37 – 282
MSHR400 77.0 572 19 27 18 15 – – 10 6 36 28 298
aMLST data for some isolates have been published elsewhere [28–30].
bSlightly aberrant HRM curves.
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HRMType using Stata/IC 10.1 (StataCorp, College Station,
Texas, USA) that determines the G+C content of each
selected fragment for every ST from the downloaded concat-
enated sequences of the MLST database. The number of frag-
ments and the start and end positions of each fragment can
be speciﬁed. Each fragment will have a number of possible
G+C residues and therefore predicted melting temperatures.
These are ordered according to predicted Tm and the num-
ber of G+C residues is used as a label. For example, for the
gki 168 fragment, in the current MLST database the possible
number of G+Cs is 17, 18, 19, 20 and 23. For each ST, the
labelled curves from each fragment are then concatenated to
generate a key that assigns an HRM curve proﬁle to each ST.
The D is calculated to determine the overall resolving power
of the selected fragments. D ¼ 1 1
NðN1Þ
Ps
j¼1 njðnj  1Þ,
where N is the total number of MLSTs in the database, s is
the number of melt types (MelT), and nj is the number of
MLSTs belong to the jth MelT.
Construction of a microsoft excel-based key
The output of the HRMType software was converted into
a Microsoft Excel-based key. Types deﬁned by HRM are
termed MelTs, and the alleles of each fragment are encoded
according to the absolute number of G+C residues as
described in the previous section, rather than chronologically
as is the case with MLST. Thus encoding of the alleles can
remain stable as more alleles are found, while simultaneously
retaining an ordered relationship between the allele numbers
and the Tm values. The key also includes drop-down ﬁlters
that facilitate MelT inference, and CC information.
Results and Discussion
ST determinations
The 72 isolates included 70 different STs. These are shown
in the third column of Table 1. Thirty-eight of these STs
have not been found outside Australia’s Northern
Territory.
Derivation of a D-optimized SNP set from the S. pyogenes
MLST database
The computer program Minimum SNPs was used to assem-
ble a D-optimized SNP set composed of the following posi-
tions in the concatenated MLST database: 168, 408, 351,
615, 1144, 1243, 1421, 1710, 2088 and 2937. These provided
a D-value of 0.990 with respect to the entire MLST database.
There was an empirical element in the assembly of this SNP
set to ensure that the primer sites adjacent to the SNPs
were conserved.
Kinetic PCR typing procedure
An attempt was made to develop a robust kinetic PCR assay
based upon the D-optimized SNPs. Initially a prototype was
tested against a subset of the isolates, and the SNP alleles
were identiﬁed correctly in the great majority of instances.
TABLE 3. PCR primers for the fragments analysed by HRM.
The numbers in the primer names are the nucleating SNPs.
They are numbered according to position in the concate-
nated MLST database
Primer name Primer sequence (5¢–3¢)
168F TCATGACACTTGGAACAGGTGT
168R TCACCACCTGCTCCTGCAA
351F GCTCACACGGCTGTTTGGA
351R TGGCTGAATCCCCTTCATA
408F GACAATGGTGAAGGTGTTACCAG
408R CTTTTCCACAACAGAATCAGCAA
615F GCATGCGTGAAAAAATGGG
615R TGATTGGCGATAAAGTGATATTTTCT
1144F CAAAAAAATCCAGCTATTAGCACCATCT
1144R ATACTCGAACACATCTCATTTGATTCC
1243F TTGCTTGCCCGAAGTTTGTA
1243R GGTATCTATTTTACCGACTAATGGTG
1421F TCGTTTACAGAAACTGGCTAAAA
1421R CAACGACTGCTAAACTTTGCAAA
1710F GGTTCATTTGTGGCTGCTGA
1710R CGCGTAAAAATCGCATCAAATAA
2088F ACCACACAGACGGTGTCGAA
2088R CCTGGTTTGTTAAATTTAGCTGCTAG
2937F GATAAGTTAGCAAAGTTACGCTCTGCTT
2937R GCTTTTTCTTTACTCATCAATAAAATTGC
TABLE 2. Ampliﬁed DNA fragments
subjected to HRM analysis Nucleating SNP
positions (bp)
Ampliﬁed
fragment
positions (bp)
Ampliﬁed
fragment
size (bp)
In concatenated
alignment
In MLST
locus
In concatenated
alignment
In MLST
locus
168 gki 168 146–227 gki 146–227 82
351 gki 351 278–370 gki 278–370 93
408 gki 408 385–468 gki 385–468 84
615 gtr 117 596–685 gtr 98–187 90
1144 muri 195 1116–1214 muri 168–266 99
1243 muri 294 1160–1269 muri 212–321 110
1421 mutS 34 1398–1462 mutS 12–76 65
1710 mutS 324 1690–1748 mutS 304–362 59
2088 recP 184 2003–2114 recP 212–323 112
2937 yqiL 237 2848–2966 yqiL 148–266 119
CMI Richardson et al. Mini-MLST for GAS 1429
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There were, however, sufﬁcient miscalls at SNPs 1144 and
2088 that the procedure was regarded as insufﬁciently
robust (data not shown). The probable basis for this was
variation in the primer binding sites, which can have an
impact on reaction kinetics.
HRM (Minim) typing procedure
A novel assay format was devised. Its basis is HRM-based
analysis of fragments that contain the resolution-optimized
SNPs. It was reasoned that HRM-based analysis is likely to
be more robust than allele-speciﬁc PCR, and the ampliﬁed
fragments will contain additional SNPs, which will increase
resolving power. This format was termed SNP-nucleated
mini-MLST, which we routinely refer to as Minim typing.
A Minim typing method for S. pyogenes was designed,
based on 10 fragments between 59 and 119 bp in size, and
each containing one of the 10 SNPs (Tables 2 and 3). HRM-
Type analysis predicted that the 525 STs in the S. pyogenes
MLST database would be resolved into 298 MelTs and pro-
vide a D value of 0.996 against the entire MLST database. The
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FIG. 1. Ampliﬁcation curves for all 10 Minim
fragments. Each colour represents a distinct
curve as predicted by G+C content. Aberrant
curves for ST290 are labelled, showing that
these amplicons melt earlier than predicted.
This incorporates data from the majority of
isolates included in this study, selected at
random.
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D value is the probability that any two randomly sampled
MLSTs will be discriminated according to their MelT. Thus
somewhat counter-intuitively, although the Minim typing may
produce just 298 MelTs compared with the 525 MLSTs, the
probability that any two MLSTs are discriminated is very high.
A contributing factor is the quite even distribution of STs
across the MelTs; the largest groups of unresolved STs are
two groups of 14 STs, one of nine STs, two of eight STs,
three of seven STs and four of six STs.
The Minim procedure was tested using clinical isolates
of 70 STs. The STs were resolved, as predicted from
G+C contents, into 65 different MelTs (Table 1). The
HRM curves did not greatly deviate from the sigmoidal
shape (Fig. 1). This is evidence for the absence of multiple
melting domains in individual fragments, and is the basis
for our conservative approach of deﬁning HRM-based
alleles on the basis of G+C content and clear differences
in Tm. The 70 STs included in this study encompass the
large majority of the HRM curves predicted to be gener-
ated by the entire S. pyogenes MLST database (Table 4).
The assay cost is <US$10, which is much less than that
for MLST determination.
The only departures from expected results were due to
highly divergent loci leading to primer mismatches, or a miss-
ing locus. ST290 has a divergent gki79 allele. The gki168 and
gki351 Minim reactions from ST290 yielded absent or late
ampliﬁcation, most likely due to primer mismatches. When
ampliﬁcation occurred melting was at a slightly lower than
expected apparent temperature (Table 4, Fig. 1), probably
due to low PCR yield affecting the accuracy of the HRM nor-
malization algorithm. Alleles 74, 75, 79, 102 and 106 from gki
would be expected to give similar results. ST527 possesses a
highly divergent murI locus, ST150, ST192 and ST290 have a
highly divergent recP2088 locus, and no ampliﬁcation product
is obtained. ST547 lacks yqiL2937 altogether. This informa-
tion has been incorporated into the Microsoft Excel Minim
key (Supporting information).
We compared the predicted resolving powers conferred
by Minim typing and the resolution-optimized SNPs them-
selves (Fig. 2). Minim typing provides more resolving power
per reaction than an equivalent SNP typing method. There
may be considerable value in carrying out cut-down versions
of the Minim procedure for speciﬁc applications, such as rap-
idly excluding epidemiological linkage.
Minim typing provides results consistent with the GAS
population structure
We determined the concordance between Minim typing and
the population structure deﬁned by eBURST analysis of the
MLST database. It was impractical to map the Minim types
onto an eBURST diagram of the entire MLST database.
Therefore, we assembled a set of 97 STs that would be
expected to be particularly difﬁcult to resolve using Minim
typing. These were the interrelated ‘Group 1’ from an
eBURST analysis using a group deﬁnition of ﬁve loci in com-
mon. The relationship between Minim typing and MLST for
these STs can be seen in Fig. 3, and concordance between
Minim typing and MLST is apparent. Essentially, all the appar-
ent anomalies can be accounted for by ‘double locus variant’
relationships. For instance, ST533 is closely related to CC15
TABLE 4. Tm values for ampliﬁed fragments. ‘95CI’ repre-
sents the range encompassed by the mean ± the standard
deviation, and ‘abs. range’ represents the absolute range of
values obtained
Nucleating
SNP
Tm values for HRM curves
Allele (G+C
number) Tm 95% CI Tm abs. range
168 17 (78.44)
18 78.80–79.01 79.80–79.00
19 79.21–79.45 79.08–79.44
20 79.67–79.96 79.73–79.91
21 (80.26)
22 (80.71)
23a 80.41–80.59 80.45–80.54
23 (81.17)
351 25 80.12–80.40 80.13–80.36
26a 80.44 ± 0.01
26 80.55–80.80 80.54–80.79
27 80.95–81.21 80.93–81.12
28 (81.49)
408 15 76.73–76.82 76.76–76.81
16 77.02–77.45 76.99–77.45
17 77.46–77.92 77.52–77.87
18 77.99–78.41 77.98–78.42
19 78.60–79.08 78.59–79.09
20 (79.28)
615 14 73.21–73.34 73.25–73.31
15 73.55–73.84 73.56–73.83
16 74.13–74.42 74.13–74.41
1144 19 77.67–78.03 77.67–78.03
20 78.23–78.56 78.22–78.57
21 (78.95)
1243 19 (74.63)
20 75.02–75.14 75.02–75.13
21 75.27–75.57 75.31–75.60
22 75.79–76.06 75.82–76.09
23 (76.33)
1421 8 74.53–74.93 74.52–74.89
9 75.13–75.24 75.17–75.21
10 75.80–76.21 75.81–76.20
11 (76.59)
1710 5 73.56–74.09 73.62–74.01
6 74.34–74.82 74.33–74.78
7 75.20–75.23 75.21–75.22
2088 35 82.28–82.43 82.32–82.43
36 82.64–82.84 82.63–82.86
37 82.99–83.21 83.00–83.20
38 83.24–83.67 83.34–83.64
2937 23 (77.01)
24 (77.27)
25 77.49–77.59 77.52–77.56
26 (77.78)
27 77.88–78.13 77.90–78.14
28 78.27–78.48 78.27–78.49
Values in parentheses indicate estimates calculated by interpolating and extrapo-
lating from experimentally derived data.
aAlleles that give aberrant melt curves due to primer mismatch as discussed in
the text.
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as well as being part of CC3. The discriminatory power and
degree of concordance with MLST for Minim typing is con-
siderable, despite Minim typing encompassing just 29% of the
MLST loci, and not resolving all sequence variants of the
ampliﬁed fragments.
T typing together with emm sequence typing may be highly
discriminatory [20]; however, T typing is not routinely used
in many laboratories, especially those with high rates of T
non-typeable strains, and the concordance of these methods
with the population structure deﬁned by the core genome is
incomplete or unclear. Molecular genotyping methods are
rapidly replacing conventional serotyping [21]. The Minim
typing scheme efﬁciently provides discrimination, while also
investigating the genetic backbone rather than regions sub-
ject to selective pressure. We envisage that it could proﬁt-
ably be used in combination with emm sequence typing in a
hierarchical typing scheme.
Minim typing is capable of identifying important S. pyogenes
clones and CCs
Silva-Costa et al. [22] have identiﬁed macrolide resistant S. py-
ogenes clones. These belong to STs 28, 36, 39, 46, 52, 75 and
150. All of these apart from ST28 are within small CCs that
are predicted to be perfectly delineated by Minim typing. ST28
is an abundant singleton that shares a Minim proﬁle with one
other rare singleton (ST381). However, there is overlap
between these STs and the abundant S. pyogenes STs identiﬁed
by Enright et al. [2] and McGregor and Spratt [23]. Minim typ-
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ing also provides a similar high discriminatory power for other
abundant STs identiﬁed in those two studies (STs 15, 20, 49,
52, 55, 62, 77, 99, 101, 117 and 334).
Calibration and reproducibility
It is our experience that the Corbett 6000 Rotorgene
devices are very accurate with regards to relative tempera-
ture changes. Curves shown in Fig. 1 represent data from
two separate runs conducted by two different operators.
Minor calibration was required (0.20–0.39C), facilitated by
the inclusion of standards in both runs. When establishing
this method in a new laboratory, Minim typing should ﬁrst
be calibrated using known sequences. The conservative
approach we have taken to curve discrimination will facilitate
transfer of the method to other instrumentation. The HRM-
Type software design allows the ﬂexibility to change the
number and position of amplicons and can be used to aid
design of G+C content-based typing methods for any organ-
ism with an MLST or other similar sequence-based database.
In this study, the software-based predictions very closely
matched those of the experimental data.
MLST methods in which the fragments are analysed by
electrospray or MALDI-TOF mass spectrometry (MS) instead
of sequence determination are emerging [24–27]. Minim typ-
ing is similar in many respects to these methods. HRM has
proven to be a highly effective technique for discriminating
DNA sequence variants [10,13–15], and there is no reason
that the performance of our approach should not be compa-
rable to the MS-based methods, with similar numbers and
sizes of fragments analysed. MS methods have the potential
for higher throughput both of isolates and the numbers of
fragments analysed per isolate, but have capital and set-up
costs.
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